A quantitative and systematic analysis is provided for ubiquitously present template DNA interfering with the quantification of human DNA by PCR. Two sources contributing to DNA background were identified. The first one is interpreted as DNA present in chemicals and on equipment and the second as caused by operator handling. The amounts were equivalent to 2.5 and 8.9 pg per mL of sample, and the estimated frequencies of contamination were 65 and 35%, respectively, resulting in an effective limit of detection of 17.4 pg/mL. Below this level-named effective laboratory background-a result could not be considered as authentic. Knowledge of these parameters is important for laboratories that analyze minute amounts of human DNA by PCR for purposes such as quantification, typing, and sequencing.
The application of the polymerase chain reaction (PCR) is hampered by the occurrence of false positive results due to contaminating DNA caused by carryover of PCR products and ubiquitous present template DNA (1) . Measures to avoid carryover have been established, for example, separation of pre-and post-PCR laboratory areas and enzymatic or chemical inactivation procedures of PCR products (1) (2) (3) . However, the influence of contaminating template DNA on the authenticity of a result is still a matter of discussion for diagnostic, paleontological, and forensic applications of PCR (4) (5) (6) (7) . In particular, the contamination risk of PCR-based applications in forensic sciences has especially been addressed in view of the potential far-reaching consequences (8) (9) (10) (11) .
Recently, an assay based on the amplification of repetitive DNA by PCR was developed and applied to the quantification of genomic chicken DNA (12) . The repetitive sequences of interest were processed together with internal standard molecules and amplified in the presence of fluorescent dye-labeled primers. Thereafter, the PCR products were separated by PAGE and quantitated by measuring laser-induced fluorescence using a commercially available DNA sequencer and appropriate software. The primary results, obtained as copies per mL of sample, were converted into mass units of DNA by applying an experimentally determined conversion factor (12) . In continuation of this work, an application of this type of assay was set up and applied to quantitate human genomic DNA. Despite stringent measures to avoid contamination and, therefore, unexpectedly, a relatively high background of template DNA was observed. Thus, the necessity arose to assess the cause, the extent, and the consequences thereof described below.
Materials and Methods

Plasmids
The plasmid pAluϩ16 is a derivative of the plasmid pCRII (Invitrogen) and harbors a 150 bp long insert consisting of the sequence 5Ј-CGTAGTGGCG GGCGCCTGTA GTCCTCAGGA GAATGGCTTG AACCCGGAAG CTTGGTACCG AGCTCG-GATC CACTAGTAAC CGGGAGGCAG AGCTTGCAGT GAGCTGAGAT CCGGCCACTG CACTCCAGCC TGGGC-GACAG AGCGAGACTC-3Ј cloned into the multiple cloning site. The plasmid pAlu-20 was derived by deletion of bp46 to 81 of the insert of pAluϩ6. These plasmids were purified, linearized with XbaI, diluted to the appropriate working concentration, and used as minus and plus standard. They provide binding sites for the PCR primers Alu-A2/2B 5Ј-CGTAGTGGCG GGCGCCTGTA GT-3Ј and Alu-B2 5Ј-GAGTCTCGCT CTGTCGCCCA GG-3Ј, which were designed according to the human Alu repetitive sequence described by Batzer and colleagues (Genbank Acc. No. X55922) (13) and bind at bp155-176 and bp288-267 relative to X55922, respectively. The length of the PCR products derived from pAluϩ16, pAlu-20, and wild-type sequences were 150, 114, and 134 bp, respectively.
Extraction of Nucleic Acids, Amplification, and Analysis of PCR Products
For each extraction a sample volume of 400 L was used. 15 000 and 45 000 molecules of minus and plus standard, respectively, were added in a volume of 6 L. Amplification was done in the presence of 2.5 mM MgCl 2 for 22 cycles, with each cycle consisting of 15 s at 95°C, 30 s at 65°C, and 30 s at 72°C. Primer Alu-A2/2B was FAM (5-carboxyfluorescein) labeled. Genomic DNA Genomic DNAs were obtained from Clontech, digested with HindIII enzyme, and serially diluted to the appropriate concentration. The commercially available standard of the Quantiblot™ Human DNA Quantitation Kit (Perkin Elmer) was diluted from 2 to 50 pg/mL and analyzed five times. The dilution buffer used was 10 mM Tris/HCl pH 8.0, 0.1 mM EDTA, and 10 g/mL fish sperm DNA.
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Statistical Analysis
Distribution of DNA concentration for the different experiments were analyzed with respect to deviations from normality by continous Kolmogorov-Smirnov tests. Generally, observed distributions tend to be more closely fitted by log-normal distributions. To investigate the possible presence of contamination of different sources, we adopted the following strategy: The cumulative distribution function was fitted by the weighted sum of two log-normal distributions differing in mean by at least 0.3 (twofold difference in DNA concentration). Parameters were estimated by the sequential quadratic optimization algorithm. The detection limit was set at the 90th percentile of the distribution of negative controls. The 95% confidence limits of the percentile were obtained by non-parametric methods. Further experimental procedures were done as described in Ref 12.
Results
Principle, Linearity, and Specificity of the Assay
In order to develop a procedure for the quantification of human DNA, the Alu repetitive element was chosen and primers were designed according to a published consensus sequence (13) . Coamplification was done with known amounts of internal standard molecules that harbored a deletion or an insertion within the region amplified and yielded PCR products different in size. These could be discriminated from the wild-type products by gel electrophoresis under denaturating conditions followed by detection of laser-induced fluorescence. Figure 1 shows a typical chromatogram representing the distribution of the intensity of blue fluorescence versus the size of PCR fragments given in nucleotides (nt). Three prominent peaks with sizes of 114, 150, and 134 nt were detected and identified as the PCR products of the minus and plus standard and wild-type sequences based on the theoretical value defined by the binding sites of the primers on the consensus sequence (13) . The amount of wild-type sequences was calculated based on the quantitative fluorescence data and the known amount of standard and was given in copies per mL sample. A relation between detectable copies and mass of DNA was established by analyzing increasing amounts of human genomic DNA and plotting the results (i.e., detectable copies) versus the concentration of genomic DNA as shown in Fig. 2 . The slope of the linear range was used to evaluate the conversion factor as 7800. Thus, each primary result was divided by 7800 in order to obtain the amount of DNA in pg. The specificity of the assay was tested by analyzing DNA from different sources. The assay detected human and monkey genomic DNA, but not genomic DNA from hamster, chicken, or mouse even at a concentration of 1 ng/mL (Fig. 3) .
Persistent Positive Results of a Negative Run Control Indicates Presence of Ubiquitous DNA
Over a period of six months the assay was applied to determine the concentration of genomic DNA in various samples, positive and negative run controls accompanying each run. There was good agreement between the theoretical and experimental values of the concentration of the positive run controls. The theoretical values were 40 and 80 pg/mL, and the experimental values for arithmetrical mean and standard error were 48.2 Ϯ 2.9 and 70.8 Ϯ 3.6 pg/mL, respectively. It should be stressed that for lack of a commonly accepted standard a commercially available specimen containing human DNA was analyzed as described in methods in order to estimate the accuracy of the measurement as defined in the ICH FIG. 1 guidelines on the validation of analytical procedures (14) . The specimen was diluted to 50 pg/mL and processed five times. The results for arithmetical mean value and standard error were 56.3 Ϯ 6.6 pg/mL, indicating an acceptable accuracy. Unexpectedly, the negative run control persistently yielded a positive result. The respective values for arithmetical mean and standard error were 8.9 Ϯ 1.7 pg/mL. The number of data was 90. This type of false positive result was not observed when DNA of chicken embryo fibroblasts was quantitated using an assay based on the same principle (12) .
False Positive Results Caused by Human Template DNA
In order to elucidate this observation further, an array of additional negative controls was analyzed. These controls-termed k1, k3, and k4-were done using water instead of sample or extract and did not contain any standard (15) . The extraction control k4 is equivalent to the overall negative control except for the omittance of standard. Controls k1 and k3 both are PCR reagent controls but differ with respect to the preparation area. Control k1 was set up in the area exclusively dedicated to the storage of PCR chemicals and the preparation of reaction mixes and should detect contaminations there. Control k3 was prepared in the area where the PCR reaction mixes were combined with aliquots of extracts prior to the amplification process. Thus, control k3 should detect contamination in this area in addition to those detected by control k1. It should be emphasized that the number of handling steps and chemicals used increased from control k1 to k4 and thus the probability of detecting a positive signal. The parameters assessed were the frequency and the intensity of contamination of wild-type sequences and standards.
The frequency of contamination of PCR products of internal standards was zero in all three types of negative controls, while that of the wild-type fragments increased from 51% to 83 and 96% for controls k1, k3, and k4, respectively (Fig. 4A) . This increase was accompanied by an increase of the mean fluorescence of wild-type products from 589 to 866 and 4168 arbitrary fluorescence units (Fig. 4B) . Thus, the more handling was done and the more reagents were used, the higher was the probability of detection of a positive wild-type signal and the average intensity of it. This indicated contaminating DNA that accumulated from one or more sources during the course of the procedure. Since only the wild-type signal was detectable, the contamination was exclusively template contamination, i.e., ubiquitous human DNA, but not PCR product carryover, confirming the efficacy of the high degree of anti-contamination measures in the laboratory. 
FIG. 4-Assessment of positive signals observed in negative controls. (A) The frequencies of positive signals corresponding to PCR products of wild-type sequences (wt), minus (Ϫ) and plus (ϩ) standards were evaluated in percent relative to the total number of determinations (n ϭ 90
Statistical Analysis of Template DNA Contamination
Concerning both positive run controls, the d-values of the continuous Kolmogoroff-Smirnov test for log-normal and normal distribution were 0.0859 and 0.1381, respectively. Therefore, the geometric instead of the arithmetic means were given. These were 45 and 75 pg/mL, respectively, and the scatter factors used as indicators for the precision were 1.5 and 1.4. Note that the theoretical values were 40 and 80 pg/mL. Contrary, the data of the negative run control were derived from two populations whose geometric mean values were estimated as 2.5 and 8.9 pg/mL. The scatter factors were 2.0 and 3.2, and the frequencies of detection were 65 and 35%, respectively. The goodness of the fit was 99.8%. It is reasonable to assume that the two populations were caused by different events. Therefore, they were termed background and accidental contamination, respectively, implying that the latter was caused by operator handling and the former by template DNA present in chemicals and on equipment. It should be mentioned that background contamination was most likely present in all observations but was concealed in cases where accidental contamination was detected. A graphical presentation of the distributions of both positive and the negative run controls-including theoretical values, experimental means, scatter factors, and total number of data-are given in Figs. 5A to C.
Detection Limit Defined by Template DNA Contamination
With respect to the quantification of a given sample, the data led to the necessity to establish the authenticity of a signal by statistical means, i.e., to exclude the possibility that it was caused by accidental or background contamination. Based on the criteria that a sample had to be determined in duplicate and that the 90th percentile of the distribution of the negative controls was appropriate, the effective limit of detection, termed effective laboratory background of human DNA, was evaluated as 17.4 pg/mL (95% CI: 11.9 to 54.9 pg/mL). Thus, only values higher than this level could statistically be judged as different from background and accidental contamination and be given as the final result.
Discussion
No template contamination problem has been encountered applying this type of assay for the quantification of genomic DNA of chicken embryo fibroblasts cells (12) and Chinese Hamster Ovary cells (unpublished results) with detection limits in the range of 1 to 5 pg/mL. Thus, the contamination problem appears to be specifically linked to human DNA and seems to be an intrinsic phenomenon of an environment inhabited by humans that includes also laboratory area, reagents, and equipment.
The effective laboratory background of 17.4 pg/mL posed by the template contamination is 9.2 times the mass of 1.9 pg DNA, which is the equivalent of one haploid mammalian genome (16) . Thus, it corresponds to a few to thousands of copies of the nucleic acid of interest depending on its redundancy in the genome. Mitochondrial sequences are targets for forensic and paleontological applications of PCR (5, 7) . Assuming that a diploid cell contains 1000 copies of mitochondrial genomes (17) , the effective laboratory background can be estimated as 4600 mitochondrial copies per mL, corresponding to about 300 copies per amplification. This estimate is in good agreement with a previously made suggestion of a minimum amount of 100 to 1000 copies per amplification for paleontologial studies using PCR in order to obviate contamination problems (6) . Based on the effective laboratory background determined here, 500 to 1000 mitochondrial copies per amplification are recommended. There might be means and procedures to lower the background observed here, for example, by replacing a particular chemical with another one from a different supplier. However, so far no particular chemical could unequivocally be identified as a predominant source for template DNA. Nevertheless, there might still be a low level of ubiquitous DNA. Also, human operators might still be involved even at an increased level of automatization of the procedure. Therefore, the effective laboratory background should be known for any given PCR-based application for the quantification, typing, and sequencing of human DNA. According to those values, the limit of detection and thus the necessary amount of DNA input per analysis can be adjusted in order to minimize the occurence of false positive results caused by the procedure.
